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of Bmp2, Bmp7, Fgf4, Fgf7 and Shh, while it unexpectedly
increased that of Fgf2 (data not shown). To confirm that Fgf2
expression is regulated by AG17 and PDGF, we examined its
expression in SF2 cells. Interestingly, AG17 induced Fgf2
expression, whereas PDGF-AA inhibited that expression in SF2
cells (Fig. 6A). Furthermore, PDGF-AA induced ameloblastin
expression, whereas AG17 inhibited it (Fig. 6B). These results
show that PDGF signalling functions as a modulator of other
potent factors, including Fgf2 and ameloblastin, to control
dental epithelium differentiation.

4., Discussion

In the present study, we found that PDGF-BB induces dental
mesenchyme proliferation and PDGF-AA accelerates cusp
formation. In addition, endogenous PDGFs were shown to be
important for tooth germ growth and cusp formation, based
on our experiments with AG17 treatment. Furthermore, our
results showed that PDGF-AA regulates the expressions of Fgf2
and ameloblastin in dental epithelial cells, indicating its
critical role in dental epithelium differentiation.

PDGFu, a gene coding PDGF-A, is expressed in embryos by
several different types of progenitor cells that proliferate and
migrate in response to PDGF. For example, PDGF« is expressed
in precursor cells that become cranial neural crest cells and is
thought to be required for migration of those cells into the
brachial arches. PDGFa is also expressed by smooth muscle
progenitors in developing lungs and widely throughout the
embryonic mesenchyme, while PDGFa-deficient mice have a
variety of defects in crest-derived tissues, including gross
craniofacial, skeletal and cardiac abnormalities. During tooth
development, PDGF-A is highly expressed in dental epithelium
and weakly in dental mesenchyme (Fig. 1). PDGF-A and PDGF-B
form homodimers, PDGF-AA and PDGF-BB, and a heterodimer,
PDGF-AB. The only known receptor for PDGF-AA is PDGFRe,
which is expressed in dental mesenchyme and inner enamel
epithelium, indicating that PDGF-AA may have effects on
inner enamel epithelium and neural crest-derived dental
mesenchyme.

Dental cusp malformation in PDGFRa null mutants leads to
a critical growth defect and shows the requirement for PDGF
signalling in the determination of tooth morphology. Loss of
the Pdgfre gene does not have effects on proper odontoblast
proliferation and differentiation in the cranial neural crest-
derived odontogenic mesenchyme. However, such a lack
perturbs formation of the extracellular matrix and organisa-
tion of odontoblast cells in the cusp forming area, resultingin a
dental cusp growth defect.’® PDGF-AA and PDGF-BB are able to
bind to PDGFR«. In the present experiments, PDGF-BB, but not
PDGF-AA, was shown to accelerate dental mesenchymal
proliferation. Together, our results suggest that PDGF-BB
and PDGFRP signalling, but not PDGFRa, may be important
for dental mesenchymal proliferation.

A previous study used embryonic day 10 mandibular
explants cultured in serum-free media and reported that
exogenous PDGF-AA enhances tooth development to reach
the cap stage with increased tooth size.” However, in our
experiments with embryonic day 13 tooth germ cultures with
a low concentration of serum, we found that treatment with

exogenous PDGFs did not have an effect on tooth germ growth
(data not shown), in contrast to treatment with AG17. Based on
these results together with those showing a high expression of
PDGF-A in tooth germs, we propose that the PDGF-AA isoform
and its tyrosine kinase receptor, PDGFRa, regulate tooth size
and tooth development during odontogenesis via an autocrine
mechanism.

We found that PDGF-A was expressed in submandibular
gland epithelium, whereas PDGF-B, PDGFRa and PDGFRB were
expressed in mesenchyme. Exogenous PDGF-AA and -BB in
submandibular gland organ cultures demonstrated increased
levels of branching and epithelial proliferation, though their
receptors were found to be expressed in mesenchyme. PDGF-
AA and PDGF-BB induced the expression of Fgf7 and Fgf10,
indicating that PDGFs regulate Fgf gene expression in
submandibular gland mesenchyme. Also, the PDGF receptor
inhibitor AG17 inhibited PDGF-induced branching morpho-
genesis, whereas exogenous Fgf7 and Fgf10 expressions were
fully recovered. Together, these results indicate that fibroblast
growth factors function downstream of PDGF signalling, and
regulate Fgf expression in neural crest-derived mesenchymal
cells and submandibular gland branching morphogenesis.'?
Thus, PDGF signalling is a possible mechanism involved in the
interaction between epithelial and neural crest-derived
mesenchyme. In tooth germ development, we speculate that
an important mechanism of tooth morphogenesis via epithe-
lial and mesenchymal interactions functions in submandib-
ular gland morphogenesis, because of similar patterns of
expression of PDGFs and their receptors in both submandib-
ular gland and tooth germ cultures. In fact, AG17 partially
decreased the expressions of Bmp2, Bmp?7, Fgf4, Fgf7 and Shh,
and increased that of Fgf2 in tooth germ organ cultures (data

. not shown). Previous studies have provided critical informa:;

tion regarding the functional significance of the epithelially
derived enamel knot in dental cusp formation. The primary
enamel knot in the cap stage tooth germ is a transient
structure and serves as a signal centre for regulating cusp
formation. Multiple growth factors (such as Shh, Bmps, Fgfs
and Wnts), transcription factors (such as Msx2 and Lefl) and
cell cycle regulators (such as p21) have important functions in
regulating dental cusp formation and the fate of epithelial
cells in the enamel knot.® A decrease in the expressions of
Bmps and Shh may be associated with inhibition of cusp
formation in the presence of AG17.

Organisation and remodelling of the basement membrane
are also important for determination of tooth size and shape.
Laminin «5, a basement membrane component, is highly
expressed during tooth germ development. Laminin «5 null-
mice have small teeth and inhibited cusp formation, because
of decreased expressions of Fgf4 and Shh in the enamel knot.**
Previous studies have shown a dramatic reduction in MMP-2 in
neural crest-derived dental mesenchyme and inhibition of
cusp formation in PDGFRe null mutants, which suggest a

- critical role for that extracellular proteinase in normal tooth

319

development.'*® The biological function of MMP-2 is critical
for breakdown of the basement membrane prior to the
formation of dentin and enamel matrix, as well as for
extracellular matrix remodelling, as odontoblast cells retreat
towards the central part of dental mesenchyme during dental
cusp development.®* These results indicate that a proper
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basement membrane is necessary for cusp formation and
PDGF signalling may regulate these related processes.

In our experiments, exogenous PDGF-AA reduced Fgf2
expression in the dental epithelial cell line SF2. Previously,
- Fgf2 was found to potently induce both proliferation and
expression of DSPP in immature pulp cells.® Furthermore,
exogenous Fgf2 decreased the gene expressions of differentia-
tion markers, such as amelogenin, DSPP and alkaline
phosphatase, in molars at the bell stage, while abrogation of
endogenous Fgf2 by antisense oligonucleotide increased the
gene expressions of those differentiation makers, and also
significantly enhanced enamel and dentin formation.”® These
findings suggest that Fgf2 at the bell stage regulates cell
differentiation and matrix secretion. In addition, the effects of

Fgf2 on tooth cells may be regulated by PDGF-AA, while

exogenous PDGF-AA induces ameloblastin expression in
dental epithelium. Ameloblastin plays an important role in
maintaining the differentiation state of ameloblasts, and also
serves as a cell adhesion molecule and regulates ameloblast
differentiation.?* That study also showed that a deficiency of
ameloblastin causes severe enamel hypoplasia, accelerates
the proliferation of dental epithelium and decreases the
expression of amelogenin. Administration of exogenous
PDGF-AA to dental epithelial cells may be useful for induction
of ameloblastin and differentiation of dental epithelium to
ameloblasts.

In conclusion, PDGF-A, PDGF-B, PDGFRa and PDGFRB were
found to be expressed during tooth development. AG17
inhibited tooth germ growth and cusp formation, while
exogenous PDGF-BB accelerated the proliferation of dental
mesenchymal cells and PDGF-AA induced cusp formation.
Furthermore, PDGF-AA reduced the expression of Fgf2 and
induced ameloblastin expression. Together, our results
indicate that PDGFs and their receptors are necessary for
tooth development.
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AMBN (ameloblastin) is an enamel matrix protein that regu-
lates cell adhesion, proliferation, and differentiation of amelo-
blasts. In AMBN-deficient mice, ameloblasts are detached from
the enamel matrix, continue to proliferate, and form a multiple
cell layer; often, odontogenic tumors develop in the maxilla with
age. However, the mechanism of AMBN functions in these bio-
logical processes remains unclear. By using recombinant AMBN
proteins, we found that AMBN had heparin binding domains at
the C-terminal half and that these domains were critical for
AMBN binding to dental epithelial cells. Overexpression of full-
length AMBN protein inhibited proliferation of human amelo-
blastoma AM-1 cells, but overexpression of heparin binding
domain-deficient AMBN protein had no inhibitory effect. In
full-length AMBN-overexpressing AM-1 cells, the expression of
Msx2, which is involved in the dental epithelial progenitor phe-
notype, was decreased, whereas the expression of cell prolifera-
tion inhibitors p21 and p27 was increased. We also found that
the expression of enamelin, a marker of differentiated amelo-
blasts, was induced, suggesting that AMBN promotes odonto-
genic tumor differentiation. Thus, our results suggest that
AMBN promotes cell binding through the heparin binding sites
and plays an important role in preventing odontogenic tumor
development by suppressing cell proliferation and maintaining
differentiation phenotype through Msx2, p21, and p27.

The extracellular matrix provides structural support for
cells and regulates cell proliferation, migration, differentia-
tion, and apoptosis for tissue development and homeostasis
(1). The extracellular matrix also plays a crucial role in path-
ological processes and diseases, such as wound healing,
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tumorigenesis, and cancer development (2, 3). AMBN
(ameloblastin), also known as amelin and sheathlin, is a
tooth-specific extracellular matrix and the most abundant
non-amelogenin enamel matrix protein (4—6). AMBN is
expressed primarily by ameloblasts, which are differentiated
from the oral ectoderm and form a polarized single cell layer
underlying the enamel matrix. In a previous study, we cre-
ated Ambn-null mice and demonstrated that AMBN is
required for cell attachment and polarization and for maintain-
ing the differentiation state of ameloblasts and is essential for
enamel formation (3). Overexpression of Ambw in transgenic
mice causes abnormal enamel crystallite formation and enamel
rod morphology (7). These results suggest that enamel forma-
tion and rod morphology are influenced by temporal and spa-
tial expressions of AMBN and imply that the AMBN gene locus
may be involved in the etiology of a number of cases of undiag-
nosed hereditary amelogenesis imperfecta (8). Further, it was
reported that recombinant AMBN enhances pulpal wound
healing and reparative dentine formation following pulpotomy
procedures, suggesting that it functions as a signal molecule in
epithelial-mesenchymal interactions (9).

We previously reported that about 20% of Ambn-null mice
developed an odontogenic tumor of dental epithelium origin in
the buccal vestibule of the maxilla (3). The epithelial cells of
odontogenic tumors express enamel matrix proteins, including
AMEL (amelogenin), ENAM (enamelin), and TUFT (tuftelin),
but not AMBN, indicating that AMBN deficiency is probably
the primary cause of tumorigenesis seen in those mice. An ame-
loblastoma appearing in the jaw is the most frequently encoun-
tered odontogenic tumor and is characterized by benign but
locally invasive behavior with a high rate of recurrence. Since
abnormal proliferation and growth of ameloblastoma cells eas-
ily destroys surrounding bony tissues, wide excision is required
to treat this disorder. It is also reported that ameloblastomas
rarely metastasize to other parts of the body, such as the lungs
and regional lymph nodes (10, 11). Associations of AMBN
mutations were reported in ameloblastomas, adenomatoid
odontogenic tumors, and squamous odontogenic tumors (12).
These results suggest that AMBN regulates odontogenic tumor
formation.
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In the present study, we investigated the mechanism of
AMBN in dental epithelial cell adhesion and ameloblastoma
proliferation. We found that AMBN has heparin binding
domains, which are essential for AMBN binding to dental epi-
thelial cells. We demonstrate that overexpression of recombi-
nant AMBN inhibits proliferation of human ameloblastoma
cells. This inhibition requires the heparin binding sites of
AMBN and is accompanied by dysregulation of Msx2, p21, and
p27. These results suggest that AMBN suppresses ameloblas-
toma cell proliferation by regulating cellular signaling through
the heparin binding domains.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant Ameloblastin—
The expression vector pEF6/V5-His-Topo (Invitrogen) was
used to express His-tagged rat AMBN proteins, as described
previously (3). The expression plasmids were transfected into
COS-7 cells using Lipofectamine 2000 (Invitrogen). After 2
days, transfected cells were lysed using lysis buffer (1% Triton
X-100, 10 mm Tris-HCI, pH 7.4, 150 mm BaCl, 10 mm MgCl,),
and His-tagged recombinant proteins were purified with a
TARON purification system (Clontech), according to the man-
ufacturer’s instructions. Purified proteins were separated by
SDS-PAGE and analyzed by Western blotting.

Cell Culture and Transfection—For dental epithelial cell cul-
tures, molars from P3 mice were dissected. The molars were
treated with 0.1% collagenase, 0.05% trypsin, 0.5 mm EDTA for
10 min, and the dental epithelium was separated from the den-
tal mesenchyme. The separated dental epithelium was treated
with 0.1% collagenase, 0.05% trypsin, 0.5 mm EDTA for 15 min
and then transferred with a pipette up and down into culture
wells. Dental epithelial cells were then selected by culturing in
keratinocyte-SFM medium (Invitrogen), supplemented with
epidermal growth factor and bovine pituitary extract, for 7 days
to remove contaminated mesenchymal cells. Cells were then
detached with 0.05% EDTA, washed with DME containing 0.1%
bovine serum albumin, resuspended to a concentration of 1.0 X
10°/ml, and used for cell adhesion assays. HAT-7 and SF2 cells
from dental epithelium were maintained in Dulbecco’s modi-
fied Eagle’s medium/F-12 medium supplemented with 10%
fetal bovine serum (13, 14). AM-1 cells, which were established
from human ameloblastoma tissue by human papilloma virus
type 16, were maintained in defined keratinocyte-SFM medium
supplemented with adjunctive growth supplement (Invitro-
gen). COS-7 and SQUU cells were maintained in Dulbecco’s
modified Eagle’s medium (Invitrogen) supplemented with 10%
fetal bovine serum. All cells were cultured with 1% penicillin
and streptomycin (Invitrogen) at 37 °C in a humidified atmo-
sphere containing 5% CO,. AM-1, COS-7, and SQUU cells
were transiently transfected with an AMBN expression plasmid
using Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s protocol.

Cell Adhesion Assays—Cell adhesion assays were performed
in 96-well round bottom microtiter plates (Immulon-2HB;
Dynex Technologies, Inc.). The wells were coated overnight at
4°C with 10 pg/ml recombinant rat AMBN, recombinant
mouse AMEL (15), or laminin 10/11 (R&D systems), each
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diluted with PBS,> and blocked with 3% bovine serum albumin
for 1 h at 37 °C. After washing, 10* cells were treated with or
without heparin (Sigma), heparan sulfate (Sigma), laminin
10/11, or 5 milliunits of heparitinase (Seikagaku Co.) and then
added to plates and incubated for 60 min at 37 °C. The plates
were washed with PBS three times to remove unattached cells,
and then attached cells were treated with 0.05% trypsin, 0.5 mm
EDTA and counted under a microscope.

RNA Isolation and Reverse Transcription-PCR—Total RNA
was isolated using TRIzol (Invitrogen) according to the manu-
facturer’s protocol. First strand cDNA was synthesized at 42 °C
for 90 min using oligo(dT),, primer with SuperScript III
(Invitrogen). PCR amplification was performed using the prim-
ers listed in supplemental Table S1. The PCR products were
separated on a 1.5% agarose gel. The relative expression level
was deduced from a standard curve constructed using the pos-
itive control sample and normalized against the expression
level of glyceraldehyde-3-phosphate dehydrogenase in each
sample.

Western Blotting—Forty-eight hours after transfection with
various AMBN expression vectors, cells were washed twice
with 1 mM ice-cold sodium orthovanadate (Sigma) in PBS, lysed
with Nonidet P-40 buffer supplemented with a proteinase
inhibitor mixture (Sigma) and phenylmethanesulfonyl fluoride
at 4 °C for 10 min, and centrifuged, and then the supernatants
were transferred to fresh tubes. For a heparin binding assay,
protein lysates were incubated with Ni**-nitrilotriacetic acid
beads (Sigma) or heparin-acrylic beads (Sigma) for 12 h at 4 °C
and then washed with lysis buffer three times. The cell lysates or
purified proteins obtained using nickel or heparin beads were
separated by 4—12% SDS-PAGE and analyzed by Western blot-
ting. The blotted membranes were incubated with antibodies
for V5-tag (Invitrogen) and AMBN (3), and signals were
detected with an ECL kit (Amersham Biosciences).

Bromodeoxyuridine (BrdUrd) Incorporation and Cell
Counting—For the BrdUrd incorporation assay, cells were
incubated at the same cell density for 48 h after transfection
with the various vectors. BrdUrd (Sigma) (10 uM) was added to
the plates for 60 min, and then the cells were fixed with cold
methanol for 20 min, rehydrated in PBS, and incubated for 30
min in 1.5 M HCL. After washing three times in PBS, the plates
were incubated with a 1:50 dilution of fluorescein isothiocya-
nate-conjugated anti-BrdUrd antibody (Roche Applied Sci-
ence) for 30 min at room temperature. Finally, the cells were
washed in PBS three times and incubated with 10 ug/ml pro-
pidium iodide (Sigma) in PBS for 30 min at room temperature.
BrdUrd-positive cells were examined under a microscope
(Biozero-8000; Keyence, Japan). AM-1 cells with or without
AMBN expression vector transfection were cultured with
serum for 48 h and then plated into 6-well plates at a density of
1 X 10* cells/well. Cell numbers were determined using a
trypan blue dye exclusion method. Cells were incubated with
10% fetal bovine serum for 0—120 h and then counted in a
counting chamber. Cell count analysis was performed in tripli-

3The abbreviations used are: PBS, phosphate-buffered saline; BrdUrd,
bromo-2'-deoxyuridine; ERM, epithelial cell rests of Malassez.
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FIGURE 1. Dental epithelial cell adhesion to recombinant AMBN and inhi-
bition by heparin and heparan sulfate. A, adhesion of primary dental epi-
thelial cells and rat dental epithelial HAT-7 and SF2 cells to dishes coated with
various amounts of full-length recombinant AMBN (AB1). DE, primary dental
epithelial cells. 8, inhibition of HAT-7 cell adhesion to AMBN and laminin
10/11 by heparin and heparan sulfate. Heparin and heparan sulfate inhibited
cell adhesion to AMBN but not to laminin 10/11.

cate for each time point, and the presented results are the aver-
age of 10 independent experiments.

RESULTS

AMBN Binding to Dental Epithelial Cells Is Inhibited by Hep-
arin and Heparan Sulfate—To analyze cell adhesion to recom-
binant AMBN, we created V5-His-tagged recombinant AMBN
(see Fig. 3A). The anti-V5 antibody was able to detect the
recombinant protein as a specific band of about 58 kDa, which
is larger than the predicted molecular size of the AMBN-V5-
His fusion protein. This higher molecular weight on SDS-
PAGE is due to the unconventional protein property of AMBN
(16). Primary dental epithelium bound to full-length AMBN
(AB1) in a dose-dependent manner, as previously reported.
Further, rat dental epithelial lines HAT-7 and SF2 cells also
bound to AMBN in a dose-dependent manner (Fig. 14).

AMBN has a VTKG motif, which is a potential throm-
bospondin-like cell adhesion domain (6), also known as a hep-
arin binding domain (17). In addition, AMBN has positively
charged lysine, arginine, and histidine (KRH) amino acid-rich
sequences in the middle and C-terminal regions (Fig. 34),and a
KRH-rich motif has been proposed as a heparin binding
domain (17). We found that heparin and heparan sulfate inhib-
ited dental epithelial cell adhesion to AB1 but not laminin 10/11
(Lam-511 and Lam-521, according to a recently proposed
nomenclature) (Fig. 1B) (46). These findings suggest that the
heparin binding domains are involved in dental epithelium cell
adhesion to AMBN. Many extraceltular matrix proteins bind to
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FIGURE 2. Inhibition of cell adhesion to AMBN and laminin 10/11 by EDTA.
Adhesion of HAT-7 cells to dishes coated with full-length recombinant AMBN
(AB1) and laminin 10/11 in the presence of various concentrations of EDTA.
The inhibitory effect of EDTA on dental epithelial cell adhesion to AMBN was
less effective than that of laminin 10/11.

cells through integrins or calcium-dependent cell adhesion
molecules, and this binding is inhibited in the presence of
EDTA. EDTA inhibited cell adhesion to laminin 10/11, which
has integrin binding regions (Fig. 2) (18). However, the inhibi-
tory effect of EDTA on dental epithelial cell adhesion to AMBN
was less effective than that of laminin 10/11 (Fig. 2). These
results suggest that non-integrin-dependent cell adhesion is
important for cell binding of AMBN.

Heparin Binding Domains in AMBN Critical for Heparin
Binding and Cell Adhesion—To examine the significance of the
potential heparin binding domains of AMBN, we prepared
truncated V5-His-tagged AMBN proteins from COS-7 cells
transfected with various AMBN cDNA expression vectors (Fig.
3A) and determined their heparin binding properties. All
recombinant proteins purified by nickel bead affinity chroma-
tography were detected by anti-V5 antibodies (Fig. 3B). Some
proteolytic bands were observed for the AB1, AB2, AB3, and
AB4 proteins, whereas the AB6 protein band was weak as com-
pared with the others. AB1 and AB2, which have all three hep-
arin binding domains, and AB3, which lacks the C-terminal
heparin binding domain, bound equally well to heparin beads at
high levels (Fig. 3B), whereas AB4, which has only the N-termi-
nal heparan binding domain, bound to the beads weaker than
those three proteins. AB5, which has a half-portion of the
N-terminal heparan binding domain, showed substantially
reduced heparin binding activity, and AB6, which lacks all three
heparan binding domains, did not bind the heparan beads at all
(Fig. 3C). These results indicate that the two N-terminal
domains are required for heparin binding of AMBN.

To examine the role of the heparin binding domains in
AMBN cell binding, dental epithelial cells were plated on dishes
coated with purified AMBN recombinant proteins, and cell
binding was measured. The AB2, AB3, and AB4 proteins had
about 60% cell binding activity compared with that of AB1, and
the levels for AB5 cell binding were further lower by 30% than
AB1. AB6 showed little cell binding (Fig. 44). Heparin inhibited
cell binding of AB2 but not AB5 (Fig. 4B). These results suggest
that AMBN has a heparin-insensitive cell binding region at the
N-terminal half and a heparin-sensitive cell binding region at
the C-terminal half.
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the role of AMBN in odontogenic
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pression vector was transfected into
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expressed and secreted recombi-
nant AMBN protein (supplemental
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FIGURE 3. Identification of heparin binding regions of AMBN. A, creation of deletions in AMBN. All recom-
binant AMBN proteins have V5 and His tags at the C terminus; the amino acid sequences for potential heparin
binding are shown (black boxes). B, expression of mutant AMBN proteins. An expression vector for each recom-
binant AMBN was transfected into COS-7 cells and was purified using Ni>*-nitrilotriacetic acid beads. Purified
proteins were separated by SDS-PAGE and visualized with the anti-V5 antibody. C, heparin binding of AMBN
proteins. Each cell lysate was mixed with heparin-acrylic beads, and bound proteins were separated by SDS-
PAGE and visualized with the anti-V5 antibody. AB1, AB2, and AB4 bound strongly to heparin. AB4 bound less
to heparin, and AB5 had substantially reduced heparin binding. AB5 lost heparin binding.

AMBN has an EF-hand calcium binding region in the C
terminus. Bioinformatic analysis suggests a conformational
change in the AMBN protein in the presence of the Ca®>* jon
(19). We found that heparin binding of AB1 containing an
EF-hand motif was increased by EDTA in a dose-dependent
manner, whereas heparin binding of AB4 lacking the EF-
hand motif did not change by EDTA (Fig. 4, C and D). These
results suggest that the EF-hand motif modulates heparin
binding activity of AMBN. An internal deletion of the N-ter-
minal heparin binding domain of AB1 (AB7) caused a small
reduction in heparin and cell binding (Fig. 5, A-C). ABS, in
which three heparin binding domains, but not the N-termi-
nal sequence, were deleted from AB1, showed a nearly com-
plete loss of heparin binding and weak cell binding activity
(Fig. 5). Further, cells treated with heparitinase lost the abil-
ity to bind to AB1 (Fig. 5C), indicating that heparan sulfate
on the surface of ameloblasts is important for cell binding to
AMBN.
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Fig. 1C). AB1-overexpressing AM-1
cells showed a decrease in the
number of BrdUrd-positive cells
as compared with mock-trans-
fected cells (Fig. 6, A and B). After
1 transfection, the number of cells
b - 3 was counted every 24 h for 5 days
] and was found to be substantially
e — decreased (Fig. 6C). However,

‘ overexpression of AB8 lacking the
- heparin binding domains did not
affect cell proliferation as compared
with mock-transfected cells (Fig.
6D). These results indicate that
AMBN expression inhibits prolifer-
ation of AM-1 cells via the heparin
binding domains.

To examine whether the inhibi-
tion of cell proliferation by AMBN is
dependent on a cell type, the AB1
expression vector was transfected
into COS-7 cells from a kidney
fibroblast cell line and SQUU-B
cells from a tongue squamous cell carcinoma cell line. BrdUrd
incorporation was inhibited in AB1-overexpressing AM-1 cells
but not in AB1- overexpressing COS-7 or SQUU-A cells (Fig.
7). Further, proliferation of AM-1 cells was inhibited when the
cells were cultured on recombinant AMBN (AB1)-coated
dishes but not recombinant AMEL- and laminin 10/11-coated
dishes (Fig. 7B). These findings suggest that AMBN suppresses
cell proliferation in a cell type-specific manner.

AMBN Expression Induces the Expression of p21 and p27 but
Inhibits Msx2 Expression—To identify the inhibitory mecha-
nism of proliferation of AM-1 cells by AMBN, we examined the
expressions of p21 and p27, CDK inhibitors and negative regu-
lators of cell proliferation, and Msx2, a homeobox-containing
transcription factor, which is expressed in undifferentiated
ameloblasts (20) and in Ambn-null ameloblasts (3). Msx2 was
strongly expressed in mock-transfected AM-1 cells; however,
its expression was strongly inhibited by overexpression of
AMBN (Fig. 8). We found that overexpression of AMBN

AB6

<<

. AB5

IB:anti-ﬂVrfi)’ |

JOURNAL OF BIOLOGICAL CHEMISTRY 27179

010z ‘02 Aepy uo ‘nxebreq exiysey| 0A¥o] Je B10-0gl-Mmmm woiy papeojumoq



Supplemental Material can be found at:
http://Awww.jbc.org/content/suppl/2009/07/31/M109.033464.DC1.htmli

Heparin Binding Domains of Ameloblastin

120 120
£ 100 3
g ?
2 80 5
3 -
3 o0 =
® 8
5 40 H
] S
© 20 -3
0 N < o <o
= 33 3 2 ¢ 0 05 1 5 10
< €< X A € « heparin (ug/ml)
C D %
= AB1 .~
heparin-beads <
e e J
1B:anti-V5 2 g el
= 2 #
AB1 == € &
° 2
2 | 3
s !
AB4 —-—' &> 4 i
s AB4
0 005 0.1 05 $- -0 -Or----emo a
EDTA (mM) 0 0.05 0.1 05
EDTA (mM)

FIGURE 4. Cell binding activity of mutant AMBN proteins. A, adhesion of
HAT-7 cells to dishes coated with recombinant AMBN, AB1, AB2, AB3, AB4,
ABS5, and AB6. Cell binding activity of AB2, AB3, and AB4 was less than that
of AB1. AB5 had substantially reduced cell binding activity, and AB6 lost
the binding activity. B, inhibition of cell binding of AB2 and AB5 by hepa-
rin. Heparin inhibited AB2 cell binding but not AB5 cell binding. C, effects
on EDTA on heparin binding of AB1 and AB4. AB1 and AB4 were incubated
with heparin-acrylic beads in the presence of various concentrations of
EDTA. Bound proteins were separated with SDS-PAGE and detected by
Western blotting using the anti-V5 antibody. D, quantitation of the inten-
sity of the protein bands in C. The intensity of bands without EDTA was set
at 1 for comparison. EDTA affects heparin binding of AB1 but not AB4.
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FIGURE 5. Deletion analysis of heparin binding regions of AMBN for hep-
arin binding and cell adhesion. A, deletions of recombinant AMBN proteins.
AB7 results from deletion of the first heparin binding region, and AB8 is the
result of deletion of all three heparin binding regions. B, heparin binding of
AB1,AB7,and AB8. AB7 slightly reduced heparin binding activity, but AB8 lost
all activity. Heparin binding of AB1 was set at 100%. C, adhesion of HAT-7 cells
to dishes coated with AB1, AB7, and AB8. AB7 had reduced cell binding activ-
ity. AB8 further reduced cell binding. Cells pretreated with heparitinase
showed decreased binding to AB1. Cell adhesion of AB1 was set at 100% for
comparison.
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FIGURE 6. Inhibition of proliferation of AM-1 cells by overexpression of
AMBN. A, AM-1 human ameloblastoma cells were transfected with a mock or
AB1 expression vector and cultured for 48 h. BrdUrd was incorporated into
the cells for 1 h. BrdUrd incorporation was analyzed using a fluorescence
microscope. B, quantitation of BrdUrd-positive cells in A. Expression of AMBN-
inhibited AM-1 proliferation. C, inhibition of AM-1 cell growth of by AB1
expression. AM-1 cells were transfected with mock or AB1 expression vector.
The number of the cells was counted using a trypan blue exclusion method
after 0-120 h of culture. D, no inhibitory effects of AB8 expression on AM-1
cell growth were seen. The numbers of AM-1 cells with transfection of the
mock or AB8 expression vector were counted from 0 to 72 h. Statistical anal-
ysis was performed using analysis of variance (*, p < 0.01).

induced the expression of both p2I and p27, whereas the
expression of positive cell cycle regulators CDK1, -4, and -6 was
not changed (Fig. 8). These results suggest that AMBN pro-
motes odontogenic cell differentiation and inhibits prolifera-
tion via p21 and p27 expression in a CDK-independent manner.

Overexpression of AMBN in AM-1 Cells Induces Expression of
ENAM but Not AMEL—Our finding that AMBN expression
inhibited Msx2 expression suggests that AMBN promotes
odontogenic cell differentiation. To better elucidate the func-
tion of AMBN in AM-1 cell differentiation, we examined
whether AMBN has effects on the expression of other enamel
matrix proteins. AMBN overexpression in AM-1 cells strongly
induced the expression of ENAM mRNA (Fig. 9), whereas the
expression of AMEL and TUFT was not affected. These results
indicate that AMBN does not induce all enamel matrix genes
but induces selectively in AM-1 cells and suggests that AMBN
may serve as a suppressor of odontogenic tumors by regulating
cellular signaling for differentiation and proliferation.

DISCUSSION

We previously found using Ambn-null mice and cell cul-
ture that AMBN is an adhesion molecule for ameloblasts and
required for maintaining a single ameloblast cell layer
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FIGURE 7. Cell type-specific inhibition of proliferation by AMBN. A, AB1.
AM-1, COS-7, and SQUU-A cells were plated on dishes coated with AMBN (10
mg/ml) and cultured for 48 h. BrdUrd was incorporated into the cells for 1 h.
BrdUrd-positive cells were counted. Proliferation of AM-1 cells, but not COS-7
and SQUU-A cells, was reduced on AB1 substrate. The number of BrdUrd-
positive cells with mock-transfected cells was set at 100%. B, adhesion of
AM-1 cells to dishes coated with AB1, recombinant AMEL (rAMEL), and lami-
nin 10/11. The number of BrdUrd-positive cells with cells cultured on a non-
coated dish was set at 100%. Statistical analysis was performed using analysis
of variance (*, p < 0.01).

attached to the enamel matrix and the differentiation state of
ameloblasts. In this paper, we identify the heparin binding
domains of AMBN and demonstrate that these domains play
a critical role in AMBN binding to dental epithelial cells. We
also show that AMBN inhibits proliferation of human ame-
loblastoma cells. This inhibition is accompanied by the
induction of p21 and p27 and ENAM and the reduction of
Msx2. It was recently reported that AMBN fusion protein
enhances pulpal healing and dentin formation in porcine
teeth (21). In addition, AMBN promotes adhesion of peri-
odontal ligament cells and modulates the expression of bone
morphogenic protein, collagen type I, and osteocalcin (22).
Those results implicate that AMBN regulates cell prolifera-
tion and differentiation through cellular signaling induced
by the AMBN interaction with cells. Our finding that AMBN
cell binding is mediated through the heparin binding
domains suggests that AMBN interacts with heparan sulfate
(HS) cell surface receptors. However, we could not detect
AMBN binding to lymphoid cell lines expressing individual
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HS cell surface receptors, including syndecan-1, -2, and -4
(data not shown) (23). We also could not find the interaction
of AMBN with glypican-1, which is expressed in ameloblasts
(data not shown). Laminin is one of the heparin and integrin
binding molecules. The laminin a1 chain LG4 module pro-
motes cell attachment through syndecans and cell spreading
through integrin o21 (23). Active sequences in the LG4 of
other laminin a chains have also been identified for cell
attachment and heparin and syndecan binding (24 -26). Fur-
ther, Lys and Arg amino acid-rich regions of the LG4 module
are important for heparin and HS binding. These regions
may be similar to those of AMBN. A recent study (27)
showed that laminin-sulfatide interaction modulates base-
ment membrane assembly and regulates cellular signaling. It
is possible that AMBN may bind cells through interacting
with other co-receptors, including cell surface glycolipids
and extracellular matrix.

Rodent AMBN contains a DGEA motif, which is a poten-
tial integrin-binding site of collagen I, and a throm-
bospondin-like cell adhesion motif, VTKG (6, 28). We found
that recombinant full-length AMBN produced in mamma-
lian cells binds specifically to primary dental epithelial cells
but not to other cell types. Primary dental epithelial cells
contain mixed epithelial cell populations, including inner
dental epithelial cells, ameloblasts, stratum intermedium

cells, and stellate cells. We found that ameloblasts, but not *

the other cell types, adhere to recombinant AMBN (3). In the
present study, we showed that ameloblast cell lines HAT-7
and SF2 (Fig. 1) and ameloblastoma cell line AM-1 (data not
shown) also bind to AMBN. The DGEA and VTKG
sequences are conserved only in rodents, with little or no
conservation of those motifs in other species, including
human, pig, bovine, and caiman (28). Further, integrin
expression disappears in differentiated ameloblasts, suggest-
ing that other motifs in AMBN may be important for cell
adhesion (18, 28, 29). The VTKG region is also known as a
heparin binding domain. AMBN has positively charged Lys,
Arg, and His amino acid-rich sequences in the middle and
C-terminal regions (Fig. 34}, and KRH-rich motifs have been
proposed as candidate heparin binding domains (17). The
middle and C-terminal KRH-rich motifs in AMBN are con-
served in human, rodent, and bovine cells, indicating that
these domains may be important for cell binding. We found
that full-length rat AMBN had a high affinity to heparin,
whereas deletions of the heparin binding domains abrogated
binding to heparin and resulted in reduced cell binding, indi-
cating that VTKG and KRH-rich motifs serve as heparin and
cell binding domains.

The EF-hand structure, which has a helix-loop-helix
design, is the most common Ca®"-binding motif (30).
AMBN has an EF-hand motif in the C-terminal region, and
proteolytic peptides from that region, particularly those
migrating at 27 and 29 kDa, can be seen on SDS-PAGE assays
of calcium binding. Previously, these peptides were identi-
fied in a direct **C-binding study (31) and by “Stain-all” solu-
tion, which is a detector of calcium-binding protein of enamel
extract samples (32). In addition, a bioinfomatics model sup-
ports earlier experimental observations that AMBN is a bipolar,
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FIGURE 8. Expression of cell cycle-regulatory genes in AMBN-overexpressing AM-1 cells. A, total RNA from
AM-1 cells transfected with a mock or AB1 expression vector was amplified using a semiquantitative reverse
transcription-PCR method with specific primer sets. B, the intensity of each band was standardized with that of
the glyceraldehyde-3-phosphate dehydrogenase band. Msx2 expression was reduced, whereas expression of
p27 and p21 was increased in AMBN-overexpressing cells. Statistical analysis was performed using analysis
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FIGURE 9. Expression of enamel matrix proteins in AMBN-overexpressing
AM-1 cells. A, total RNA from AM-1 cells transfected with a mock or AB1
expression vector was amplified using a semiquantitative reverse transcrip-
tion-PCR method with specific primer sets for tooth-specific genes. B, the
intensity of the AMBN, AMEL, and TUFT bands was standardized with that of
the glyceraldehyde-3-phosphate dehydrogenase band. ENAM, but not AMEL,
was induced by AMBN overexpression. Statistical analysis was performed
using analysis of variance (*, p < 0.01).

27182 JOURNAL OF BIOLOGICAL CHEMISTRY

two-domain protein that interacts

25 with Ca®>* ions. The primary struc-
20 . ture of AMBN can be divided into
5 two chemically and physically dis-
tinct regions: a basic N-terminal
1.0 region and acidic C-terminal region.
0.5 It has been speculated that the
0 three-dimensional ~ structure of
1.2 AMBN is dramatically changed in
water and in the presence of Ca®"

1.0
0.8 ions after molecular dynamics stim-
06 ulation and energy optimization
0.4 (19). Our findings agree with these
0.2 reports, since AMBN heparin bind-
0 ing ability changed dramatically in
the presence of EDTA, and this
1.2 change was dependent on the EF-
1.0 hand motif (Fig. 4, C and D). How-
0.8 ever, attachment of dental epithe-
06 lium to AMBN did not increase in
- the presence of EDTA (Fig. 2), sug-
02 gesting that other calcium-depend-

ent molecules may be involved in
cell binding. Further, in amelogene-
sis, AMBN is cleaved after secretion
by several protease, including
MMP-20 (33). The cleaved C-termi-
nal half of AMBN is located near the
cell surface of ameloblasts, and the
N-terminal half of AMBN is present in the calcified front of
enamel (34), indicating that the C-terminal region of AMBN
may be important for cell binding in vivo. Recently, AMBN has
been reported to appear in three different molecular sizes (37,
55, and 66 kDa) in both ameloblasts and enamel matrix during
postnatal development (35). There may be various transcripts
of Ambn that are developmentally expressed and interact with
AMEL (16). Interestingly, 37-kDa AMBN containing three hep-
arin binding domains is expressed in the early stage of amelo-
blast differentiation. These results indicate that the C-terminal
region of AMBN is important for cell adhesion, ameloblast dif-
ferentiation, and enamel nucleation.

Amelogenin and AMBN were shown to be expressed in not
only ameloblasts but also odontoblasts (36). The surface of den-
tin has a layer of keratan sulfate rich in sulfated sialic acids and
GlcNAc emanating from the dentinal tubules, which is a potent
ligand for amelogenin (16). Ameloblastin may have a similar
function with dentin matrix and odontoblast differentiation.
Additional experiments are needed to resolve this issue.

Epithelial odontogenic tumors are histologically related to
the remnants of odontogenic epithelium, which includes the
dental lamina, enamel organ, and Hertwig’s epithelial root
sheath (37). Actively growing dental lamina is present within
the jaws for a considerable time after birth, and because of
the widespread presence of odontogenic epithelium, some
tumors may arise from residues of those cells. AMBN is
expressed by differentiated ameloblasts and also in forming
Hertwig’s epithelial root sheath cells and can be used as a
marker of their migration (38). Previous immunohistochem-

ACETON

mock AB1

VOLUME 284+-NUMBER 40+ OCTOBER 2, 2009

328

0102 ‘02 Aepy uo ‘nyebieq exiysey| 0A4o] e 610 0gl-mmm woly papeojumoq



Supplemental Material can be found at:
http://www.jbc.org/content/suppl/2009/07/31/M109.033464.DC1.htm!

ical studies have attempted to investigate the differentiation
of neoplastic cells in odontogenic tumors; however, it was
reported that AMBN, AMEL, and ENAM were not expressed
in ameloblastoma cells (39, 40). Ambn-null mice develop
odontogenic tumors of dental epithelium origin in addition
to severe enamel hypoplasia. Further, because the amelo-
blasts disappear after eruption, tooth enamel is never
replaced or repaired, and odontogenic epithelium almost
completely disappears when tooth formation is completed in
those mice. However, it is known that discrete clusters of
odontogenic epithelial cells remain in the periodontal liga-
ment as the epithelial cell rests of Malassez (ERM) (41).
Although the function of ERM cells is still unclear, it is con-
sidered that a number of odontogenic tumors arise from
them (41, 42). Recently, it was reported that ERM cells
express AMBN but not AMEL or ENAM (43). It was also
reported that AMBN gene mutations are associated with
odontogenic tumors, including ameloblastomas (12, 44). In
the study, we showed that AM-1 cells do not express AMBN,
but overexpression of AMBN suppresses proliferation of
AM-1 cells. Taken together, we speculate that AMBN func-
tions as an odontogenic tumor suppressor.

Msx2, a homeobox-containing transcription factor, was
previously shown to be expressed in undifferentiated amelo-
blasts, whereas it is down-regulated in differentiated amelo-
blasts (20). In Ambn-null ameloblasts, an abnormal up-reg-
ulation of Msx2 was observed (3), suggesting that AMBN
inhibits the expression of Msx2 in normal tooth develop-
ment. Our finding that AMBN transfection dramatically
reduced Msx2 expression supports the notion that AMBN
negatively regulates Msx2 expression. It has been suggested
that Msx homeobox genes inhibit differentiation through
up-regulation of cyclin D1 (45). In AMBN-transfected AM-1

cells, the cyclin-dependent kinase inhibitors p21 and p27.

were up-regulated, whereas the expressions of CDK1, -4, and
-6 were not changed. Thus, down-regulation of Msx2 and
up-regulation of p2I and p27 by AMBN expression probably
cause reduced proliferation of AM-1 cells. Further, the over-
expression of AMBN lacking three heparin binding domains
did not inhibit proliferation of AM-1 cells, suggesting the
crucial role of the heparin binding domains of AMBN for the
inhibition of AM-1 proliferation. It is conceivable that

" AMBN induces cellular signaling for these cellular changes
by its interaction with AM-1 cells.
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ABSTRACT

Amelogenin and ameloblastin, the major enamel
matrix proteins, are important for enamel mineral-
ization. To identify their synergistic roles in enamel
development, we generated Amel X”/Ambn” mice.
These mice showed additional enamel defects in
comparison with Amel X or Ambn” mice. In 7-day-
old Amel X"/Ambn” mice, not only was the amelo-
blast layer irregular and detached from the enamel
surface, as in Ambn”, but also, the enamel width was
significantly reduced in the double-null mice as
compared with Amel X** or Ambn”" mice. Proteomic
analysis of the double-null teeth revealed increased
levels of RhoGDI (Arhgdia), a Rho-family-specific
guanine nucleotide dissociation inhibitor, which is
involved in important cellular processes, such as cell
attachment. Both Amel X*/Ambn”" mice and Ambn™
mice displayed positive staining with RhoGDI anti-
body in the irregularly shaped ameloblasts detached
from the matrix. Ameloblastin-regulated expression
of RhoGDI suggests that Rho-mediated signaling
pathway might play a role in enamel formation.

KEY WORDS: cnamel, amelogenin, amelo-
blastin, knockout mice, RhoGDI (Arhgdia).
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Synergistic Roles of
Amelogenin and Ameloblastin

INTRODUCTION

ental enamel is the most highly mineralized tissue in the body, and is

formed as a result of mineralization of enamel matrices secreted by amelo-
blasts. Ameloblasts secrete several enamel matrix proteins, such as amelogen-
ins, ameloblastin, and enamelin. These enamel matrix proteins are processed
and degraded by proteases such as MMP20 and KLK4 during enamel miner-
alization (Bartlett ef al., 1996; Simmer et al., 1998). The highly orchestrated
secretion of enamel matrix proteins and their proper degradation are critical
for normal enamel formation.

The amelogenin proteins are highly conserved across species, and consti-
tute 90% of the enamel organic matrix. Based on the results from our study
of Amel X’ mice, amelogenins play an important role in enamel biomineral-
ization (Gibson et al., 2001; Hatakeyama et al., 2003). In the Amel X" mice,
ameloblast differentiation was relatively normal, but an abnormally thin
enamel layer was formed (Gibson ef al., 2001, 2005).

It was concluded that amelogenins are essential for well-organized hydroxy-
apatite prism formation and elongation during enamel development, and for
producing normal enamel thickness, but not for the initiation of enamel forma-
tion. Our recent studies on transgenic mice, which express the most abundant
amelogenin form, M180, in the amelogenin null background, demonstrated that
M180 could significantly rescue the enamel defects of the amelogenin null mice
(Li et al., 2008). Self-assembly of amelogenin proteins into nanospheres has
been recognized as a key factor in controlling the orientation and elongated
growth of crystals during the mineralizing process in enamel (Du ef al., 2005).
Transgenic mice that express an amelogenin protein with a mutation either at
the N or C terminus showed that the N-terminal domain of amelogenin might
be involved in the formation of nanospheres (Paine ef al., 2003a), whereas the
C-terminal region could contribute to stability and homogeneity in sizes of
nanospheres, preventing mineral crystal fusion to form larger structures prema-
turely (Moradian-Oldak and Goldberg, 2005; Moradian-Oldak et al., 2006). In
addition, we have recently reported amelogenin’s function for osteoclast dif-
ferentiation in periodontal ligament tissue (Hatakeyama ez al., 2006).

Ameloblastin, also known as amelin or sheathlin, is an enamel-specific gly-
coprotein, which is the most abundant non-amelogenin ename! matrix protein
(Cerny et al., 1996; Krebsbach et al., 1996; Fong et al., 1998), and serves as a
cell adhesion molecule for ameloblasts, but not for dental epithelial cells
(Fukumoto et al., 2004, 2005). Ameloblastin expression in ameloblasts peaks at
the secretory stage and diminishes at the maturation stage. Transgenic mice
overexpressing ameloblastin in ameloblasts have impaired enamel structures,
suggesting the importance of normal levels of ameloblastin in enamel formation
(Paine et al., 2003b). Furthermore, in Ambn” mice, the dental epithelium dif-
ferentiates into enamel-secreting ameloblasts, but the cells detach from the
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matrix surface at the secretory stage
and lose polarity. In ameloblasts of
Ambn™ teeth, the expression of
amelogenins is reduced to about
20% of that of Ambn'’" teeth, while
other enamel matrix proteins are
expressed at nearly normal levels
(Fukumoto et al., 2004). These
results suggested that ameloblastin
is essential in maintaining normal
ameloblast differentiation  and
attachment to the enamel matrix.
Thus, the cellular functions of
amelogenin and ameloblastin are
apparently distinct, and in this
paper we report potential synergis-
tic functions of these 2 enamel
proteins.

wTt

Synergistic Roles of AMEL and AMBN

AmelX”-
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AmelX/

Ambn™ Am, ./_

Figure 1. Scanning electron microscopy analysis of teeth from Amel X/, Ambn”-, Amel X”"/Ambn”", and
wild4ype mice. (A-D) Incisors from the 6-week-old mutant and wild-fype mice; the enamel (e) in junction

MATERIALS & METHODS

with dentin (d) is shown. Note the thin aprismatic structure in Amel X/* mice (B). The enamel width of Amel

X7/Ambn” (D) mice markedly reduced as compared with that of the Ambn”- mice (C). (E-L) Molars of the

Amel X/-/ Ambn’- Mice

Targeted disruption of amelogenin
(Amel X) and ameloblastin (Ambn)
genes has been described previ-
ously (Gibson et al, 2001;
Fukumoto et al., 2004). Amel X ”~ mice were mated with Ambn™
mice to generate double-heterozygous mice, which were interbred
to generate Amel X"/Ambn™ mice. (Detailed information on gen-
eration and genotyping is described in the online Appendix and
Appendix Fig. 1.) Mutant mice were initially analyzed in a
C57BL/6 x 129/SvEv mixed genetic background and later in an
enriched C57BL/6 background by being back-crossed 4 x with
C57BL/6 mice. Standard NIH guidelines were followed for hous-
ing, feeding, and breeding the mice. These studies were carried
out with the approval of the NIDCR Animal Care and Use
Committee.

Scanning Electron Microscopic (SEM)
Analyses of Incisors and Molars

Incisors and molars from wild-type and mutant mice were
coated with gold and photographed by scanning electron micros-
copy at 20 kV (Jeol JSM T330A, Jeol, Inc., Peabody, MA,
USA), and energy-dispersive spectroscopy (Kevex X-ray, Scotts
Valley, CA, USA).

To observe the enamel crystals, we embedded the specimens
in epoxy resin, cut them with an ISOMET low-speed saw
(Buehler, Lake Bluff, IL, USA), treated them with 40% phos-
phoric acid for 10 sec and 10% sodium hypochlorite for 30 sec,
and then coated them with gold.

Preparation of Tissue
Sections and Immunohistochemistry

Post-natal (P) days 1 (P1) and 7 (P7) mouse skulls were dissected
and fixed with 4% paraformaldehyde in phosphate-buffered saline
(PBS) for 16 hrs at 4°C. Tissues were decalcified with 250 mM

6-week-old wild-+type and mutant mice; note the small crown size of Amel X7 mice (F) and the double-mutant
(H). The enamel from Amel X7*(F), Ambn”- (G), and Amel X/-/Ambn”- (H) appeared abnormal as compared
with that in the wildtype mice (E). (I-l) Teeth from all 3 mutant mice mimic the amelogenesis imperfecta
phenotype. Amel X”"/Ambn”- enamel appeared less cobbled as compared with Ambn”- enamel. Bars in
A-D = 50 pm; bars in E-L = 250 pm. e, enamel; d, dentin; r, resin.

EDTA/PBS and embedded in paraffin for paraffin sections or in
OCT compound (Sakura Finetechnical Co., Torrance, CA, USA)
for frozen sectioning. Frozen sections were cut at 8-um intervals
on a cryostat (2800 Frigocut, Leica Inc., Wetzlar, Germany).
Paraffin sections were cut at 5-um intervals on a microtome
(RM2155, Leica Inc.). For detailed morphological analysis,
sections were stained with hematoxylin and eosin Y (Sigma,
St. Louis, MO, USA). Frozen sections were immunostained for
RhoGDI with goat polyclonal antibodies against mouse RhoGDI
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) ovemight at
4°C at a dilution of 1:100. After being washed with PBS, the sec-
tions were incubated with peroxidase-conjugated mouse antibod-
ies against goat IgG (Vector Laboratories, Burlingame, CA, USA),
treated with diaminobenzidine substrate, and counterstained with
hematoxylin for light microscopy. For control, frozen sections
were incubated with secondary antibody only.

RESULTS

Defective Enamel Formation in
Amel X"/ Ambn’- Mice

SEM analysis of incisors revealed hypoplastic enamel and a lack
of prism pattern in Amel X", Ambn”", and Amel X"/Ambn’" mice
that is the hallmark of organized mineral crystals in normal enamel
(Figs. 1A-1D). Enamel width was much thinner in Amel X*/
Ambn’" mice as compared with that in Amel X”* and Ambn’" mice.
As in Ambn” mice, flat plate-like structures extended perpendicu-
larly from the enamel surface to the dentin enamel junction in Amel
X"/Ambn" mice (Figs. 1C, 1D). The enamel surfaces appeared
cobbled in both Amel X (Fig. 1J) and Ambn™ (Fig. 1K) mice.
However, in Amel X”/Ambn™ mice, the molar surfaces appeared
less cobbled than in Amel X and Ambn™ mice (Fig. 1L). Elemental
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Figure 2. Histological analysis of teeth from the wild-type, Amel X7, Ambn”", and Amel X”-/Ambn”" mice.
Hematoxylin-eosin staining of the sagittal sections of the mandibular first molars of P1 (A-H), P3 (I-L), and
P7 (M-P) wild-type and mutant mice: wild-type (A,E,l,M), Amel X/ (B,FJ,N), Ambn”" (C,GK,0), and Amel
X”"/Ambn”" mice (D,H,L,P). P3 and P7 Ambn~ ameloblasts display multiple layers containing abnormal
calcified structures (Figs. 2K and 20, arrows). Amel X/"/Ambn”- ameloblasts also form multiple layers;
however, they do not contain the calcified structures (Figs. 2L and 2P, arrowhead). am, ameloblast; si,
stratum intermedium; e, enamel; pd, predentin; de, dentin; od, odontoblast; pu, pulp; sr, stellate reticu-

lum. Bars in A-D = 500 pm; bars in E-P = 50 pm.

analysis indicated that the composition was similar to that of
hydroxyapatite, indicating a normal formation of mineral in the
absence of the amelogenin and ameloblastin proteins. The Ca/P
molar ratio was also not significantly different in the teeth of all
null mice and the WT controls (almost 1.5; data not shown).

Unlike Ambn’- Ameloblasts, Amel X"/ Ambn’-
Ameloblasts Do Not Develop Calcified Nodules

In early stages of molar development up to P1, no differences
were observed in either shape or size of the tooth buds of WT,
Amel X, Ambn™, and Amel X"/Ambn’ mice (Figs. 2A-2D). At
P1, dentin formation of molars had begun, and dental epithelium
had started to elongate and polarize with the apical nuclear

Hatakeyama et al.

J Dent Res 88(4) 2009

localization in all of these mice
(Figs. 2E-2H). Thus, cellular orga-
nization of ameloblasts and odonto-
blasts was similar in these mice at
the pre-secretory stage. However, at
P3, ameloblasts of Ambn’ and
Amel X"/Ambn” mice started to
detach from the matrix layer and
lost the cell polarity with the cen-
tralized nuclear localization (Figs.
2K, 2L), whereas normal amelo-
blasts were polarized, elongated,
and formed an enamel matrix in
WT and Amel X mice (Figs. 2I,
2]). At P7, Ambn’ and Amel X/
Ambn” ameloblasts completely lost
their polarity (short and round) and
accumulated to form a multilayered
structure (Figs. 20, 2P, arrowhead),
in contrast to the single layer of WT
and Amel X" ameloblasts (Figs.
2M, 2N). Interestingly, Ambn™
ameloblasts contained calcified
nodules (Fig. 20, arrow), but Amel
X7/Ambn" cells did not (Fig. 2P).

AmelX”/

Increased RhoGDI Expression
in Amel X/-/Ambn’
Ameloblasts

We utilized proteomic analysis
to identify 24-kDa-size protein,
which was increased in Amel X7/
Ambn”  ameloblasts (Appendix
Fig. 2). Using MALDI analysis,
we identified this protein as
RhoGDI. For further analysis of
RhoGDI expression patterns in
developing mouse molars, we car-
ried out immunohistochemical
analysis. At P1, weak RhoGDI
expression was observed in amelo-
blasts and odontoblasts of the WT,
Amel X, Ambn”, and Amel X"/
Ambn” mice (Figs. 3A-3D).
However, at P7, the ameloblasts of WT and Amel X* mice had
no noticeable RhoGDI expression (Figs. 3E, 3F), whereas
irregularly shaped ameloblasts in Ambn” and Amel X*"/Ambn™"
mice showed sustained expression of RhoGDI (Figs. 3G, 3H).
Calcified nodules were also detected adjacent to the irregular
ameloblast layer in Ambn” mice (Fig. 3G, arrow), but not in
Amel X"/Ambn”" mice. We also noted increased expression of
RhoGDI in the lower first molars of the 7-day-old Amel X"/
Ambn™ mice by RT-PCR (Appendix Fig. 3).

DISCUSSION

To delineate potential synergistic roles of amelogenins and
ameloblastin, we analyzed teeth from the wild-type, Amel X,
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Ambn", and Amel X*"/Ambn”- mice. Our
analysis revealed that the Amel X/
Ambn” mice displayed additional
enamel defects. As compared with the
Amel X~ and Ambn” mice, enamel
width was markedly reduced in Amel
X7/ Ambn’~ mice. Although ameloblast
morphology was similar in Ambn™ and
Amel X/ Ambn™ mice, calcified nod-
ules observed in Ambn” ameloblasts
were absent in the double-null amelo-
blasts. These additional defects in Amel
X*/Ambn" ameloblasts suggest a possi-
ble synergism in the cellular functions
of amelogenins and ameloblastin.

Surprisingly, Amel X”*/Ambn™" mice
still showed a very thin layer of
enamel, in spite of the lack of the 2
most abundant ECM proteins secreted
by ameloblasts to form normal enamel.
We found that enamelin was still
expressed in the Amel X”"/Ambn™" teeth
(based on our RT-PCR analysis; data
not shown). The enamelin gene
(ENAM) has also been implicated in
human amelogenesis imperfecta (Kim
et al., 2005). Enam” mice did not
form normal enamel, because of the
lack of mineralization at the secretory surfaces of the amelo-
blasts (Hu et al., 2008). In addition, ENAM point mutation
resulted in the phenotype resembling amelogenesis imperfecta
(Masuya et al., 2005). Therefore, it is possible that enamelin
might be involved in enamel formation in the Amel X”"/Ambn™
mice. In addition to enamelin, other ECM proteins might play a
role in enamel formation in these mice, and their identification
will require further studies. We had previously reported that
amelogenins are involved in osteoclast differentiation in PDL
cells, and furthermore, one can speculate that its lack in the
double-null mice might contribute in some way to the formation
of thinner enamel. Interestingly, SEM analysis of molars and
incisors indicated smoother enamel in the Amel X*/Ambn™ mice
as compared with 4mbn”" enamel. This phenotypic difference
can be possibly attributed to the presence of irregular calcified
nodules in Ambn”" ameloblasts, and one can speculate that these
nodules are formed because of the residual amelogenin in these
mice (Fukumoto et al., 2004).

Our proteomic studies identified an increased protein level of
RhoGDI (Arhgdia) in Amel X"/Ambn™ teeth. RhoGDI, a Rho-
family-specific guanine nucleotide dissociation inhibitor, forms
a tight complex with Rho GTPases and inactivates Rho GTPases
function as a cytosolic molecule. Reduced expression or inacti-
vation of RhoGDIs releases Rho GTPases from the complex and
translocates Rho GTPases into the membrane for activation of
Rho signaling pathways (Takai et al., 1995). Rho GTPases
such as Rho, Rac, and Cdc42 are known to regulate assembly
of filamentous actin (F-actin) and the organization of the actin
cytoskeleton, and the regulation of gene transcription, cell

Synergistic Roles of AMEL and AMBN
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Figure 3. RhoGDlI expression in the ameloblasts of the wild-type, Amel X/, Ambn”, and Amel X/-/
Ambn”* mice. Sagittal sections of the incisors from the wild-type (A,E), Amel X/ (B,F), Ambn” (C,G),
and Amel X”"/Ambn”" mice (D,H) were stained with the RhoGDI antibody as described in MATERIALS
& METHODS. Note positive staining in the detached ameloblasts of Ambn”- (C,G) and Amel X7/
Ambn”" mice (D,H). Bars = 50 pm. am, ameloblast; od, odontoblast; pu, pulp; si, stratum interme-
dium; e, enamel; d, dentin; pd, predentin.

cycle, microtubule dynamics, vesicle transport, and numerous
enzymatic activities. In the wild-type teeth, RhoGDI was
expressed in undifferentiated dental epithelium, but its expres-
sion was down-regulated in the secretory stage of ameloblasts.
During tooth development, protein expression of RhoGDI is not
altered at the early stage in Amel X, Ambn”~, and Amel X"/
Ambn”~ ameloblasts. However, in later stages, when cells con-
tinue to proliferate and form multicellular layers in Amel X/
Ambn" mice, RhoGDI expression is increased. The Rho signal-
ing pathways in murine ameloblasts are known to induce F-actin
product (Li et al., 2005). F-actin-rich regions have been
described, and these include Tomes’ process, distal terminal
webs, and distal ends of ruffled or smooth-ended ameloblasts in
rat incisors (Nishikawa and Kitamura, 1986).

Interestingly, the human Amel X gene has been shown to
reside in a “nested” gene structure within intron 1 of the
ARHGAPG gene that encodes Rho GAP, which regulates RhoA
activity (Hall and Nobes, 2000; Prakash et al., 2005). In some
cases, expression of nested and host genes is simultaneously
up- and down-regulated by common regulatory elements (Peters
and Ross, 2001). It is possible that the expression of Amel X and
ARHGAPG6 genes might be similarly regulated. Rho is recog-
nized as a molecular switch (Hall and Nobes, 2000), which
normally cycles from the active GTP-bound form to the inactive
GDP-bound form (Li et al., 2005), thereby regulating down-
stream events leading to changes in the cytoskeleton. It has been
shown that Racl and Cdc42, downstream of Rho signaling, are
regulators of cell spreading and formation of lamellipodia and
filopodia (Clark ez al., 1998; Hall, 1998), and cell polarization
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(Etienne-Manneville and Hall, 2002; Cau and Hall, 2005). Racl
and Cdc42 regulate laminin-10/11-mediated cell spreading and
filopodia formation of the dental epithelium (Fukumoto et al.,
2006). Increased expression of RhoGDI in Amel X*/Ambn”
teeth might inhibit active Rho GTP, resulting in irregular amelo-
blast morphology.

In summary, our study suggests that the enamel matrix pro-
teins such as amelogenins and ameloblastin are not only required
for the formation of a proper matrix for well-orchestrated
enamel biomineralization, but also have synergistic cellular
functions during enamel development.
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The P561T polymorphism of the growth hormone receptor gene
has an inhibitory effect on mandibular growth in young children
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SUMMARY P561T heterozygous missense mutation in the growth hormone receptor (GHR) is a candidate
genetic polymorphism {single-nucleotide polymorphism) for human mandibular growth. The purpose of
this study was to assess whether this mutation affects mandibular growth during early childhood. The
difference in mandibular growth between P561T heterozygous and wild-type individuals was analysed
by cephalometric measurements during childhood. The subjects included 33 children with mandibular
protrusion (aged 3-12 years, 16 males and 17 females) and 27 normal children {(aged 3-13 years, 14
males and 13 females). Genomic DNA extracted from buccal epithelial cells was genotyped for the PS61T
heterozygous mutation with a molecular analysis (polymerase chain reaction—restriction fragment length
polymorphism method). Two of the patients with normal occlusion and five with mandibular protrusion
were heterozygous for the mutation.

Chi-square analysis showed that the frequency of this mutation did not differ statistically between the
normal and mandibular protrusion subjects. Multilevel model analysis of the 101 cephalograms showed
that the mutation reduced the linear measurements of the mandible. These findings suggest that P561T
heterozygous mutation affects mandibular growth during early childhood, and this mutation in the GHR

gene is hypothesized to function as an inhibitory factor in the process of mandibular growth.

Introduction

Many factors regulating mandibular growth have been
identified in the formation of the mandibular arch
(Pirinen, 1995; Mina, 2001). Determining the factors
affecting mandibular growth contributes to early diagnosis
and treatment of mandibular protrusion. Longitudinal
cephalometric observation of the mandibles in offspring
produced by a complete Dilallel cross among five strains of
rats showed that mandibular size was primarily affected
by genetics (Nonaka ez al., 1991). Quantitative trait locus
(QTL) analysis in an inbred strain of mice was used to
determine the chromosomal regions responsible for
mandibular length between menton and gonion (Dohmoto
et al., 2002). Two significant QTLs were detected within the
regions 13cM and 16cM in chromosome 11, including
orthodenticle homeobox, suggesting the possibility that
some major genes are responsible for mandibular length.
Growth hormone (GH) plays a major role in regulating
growth during childhood and adolescence and also regulates
metabolism through its binding to the growth hormone
transmembrane receptor (GHR; Piwien-Pilipuk ez /., 2002).
Laron syndrome is caused by the dominant-negative defects
of the intracellular domain of GHR, and affected individual
have underdevelopment of the facial bones (Laron, 2004). In
the Human Gene Mutation Database, 56 different GHR gene
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mutations, including 32 missense and nonsense mutations,
have been registered (Stenson er al, 2003). In a few
reports concerning the effect of GHR gene mutations on
craniofacial growth, Chinese Han individuals with a genomic
polymorphism at codon 526 of the GHR gene have a greater
mandibular ramus length (Co—Go/Ar-Go) (Zhou ef al.,
2005). At position 1777 in GHR, a transversion of amino
acid from cytosine to adenine changed codon 561 from
proline to threonine (P561T), affecting the cytoplasmic
domain of the GHR. In the Japanese population, no significant
correlation has been observed between body height and
P56I1T variants at the GHR gene locus (Chujo ef al., 1996;
Yamaguchi et al., 2001), but a relationship has been reported
between mandibular ramus length and the heterozygous
missense mutation P561T (Yamaguchi et al., 2001). Japanese
carrying the P561T variant had a significantly smaller
mandibular ramus length (condylion—gonion) than those
who were wild type at this locus. These findings suggest that
the change in the cytoplasmic domain of GHR produced by
P561T does not play a significant role in determining final
body height and may affect mandibular growth independently
of systemic growth. However, it is currently unclear whether
P561T affects craniofacial growth in children.

To determine whether the P561T heterozygous missense
mutation affects mandibular growth during the early
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stages of growth and development in humans, differences
in mandibular growth between wild-type and P561T
individuals genotyped with restriction fragment length
polymorphism were analysed using cephalometric
measurements.

Subjects and methods

All subjects were either patients at the Department of
Pediatric Dentistry, Faculty of Dentistry, Kyushu University,
or volunteers of their respective families. This study was
approved by the ethics committee of Kyushu University
Faculty of Dental Science and Nagasaki University, and
informed consent was granted by the parents/guardians of
all children.

Genetic analysis

Thirty-three Japanese children with mandibular protrusion
and 27 ‘normal’ children with a Class I occlusion and
without other types of malocclusion, who had no general
physical diseases or congenital disorders, participated in
this study. As the focus of the research was the effect of a
GHR gene polymorphism on mandibular growth, subjects
with a Class II occlusion with maxillary protrusion were
initially excluded to avoid confusion. Genomic DNA was
extracted from buccal epithelial cells and employed as
the primary source for polymerase chain reaction (PCR)
amplification (Liu et al., 1995; Sasaki et al., 2007).
Briefly, buccal epithelia cells were collected by twirling
a sterile cytology brush on the inner cheek for 30 seconds.
DNA was extracted using a BuccalAmp™ DNA extraction
kit (Epicentre, Madison, Wisconsin, USA) according to
the manufacturer’s protocol. The partial sequence of
exon 10 of the GHR gene, which encodes the cytoplasmic
domain of GHR, was amplified by PCR using primer
pairs deduced from the published DNA sequence (Chujo
et al., 1996) and then, the PCR-amplified DNA was
digested with Sru I, which digests a wild-type GHR gene
at codon 561, but not a GHR gene with mutation P561T
(Figure 1la,b). DNA samples were analysed by
electrophoresis using 1.8 per cent (w/v) agarose gel
(Figure Ic). For wild-type subjects, digestion resulted in
two restriction fragments of 808 and 229 base pairs
(subjects 1, 2, 3, and 7). In contrast, P561T heterozygous
subjects showed three bands of 1037, 808, and 229 base
pairs (subjects 4, 5, and 6).

Cephalometric analysis

A total of 101 lateral cephalograms were obtained for 24 of
the mandibular protrusion subjects and 17 of the normal
subjects during the treatment or management period
according to the informed consent. Nine of the patients with
mandibular protrusion and 10 of the normal subjects were
excluded because of the absence of lateral cephalograms.
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Figure 1 Analysis of the polymerase chain reaction (PCR)-restriction
fragment length polymorphism method of the growth hormone receptor
(GHR) gene mutation P561T in seven of the 60 subjects was examined. (a)
Human GHR cDNA was represented. GHR gene including Stu I site (or
codon 561) is amplified by PCR using forward and reverse primers. (b)
The PCR-amplified DNA was digested by Stu I, which is able to digest the
normal GHR gene, but not that with mutation P561T. (c) DNA samples
were analysed by electrophoresis using 1.8 per cent (w/v) agarose gel.
Lane 0: 100 bp DNA marker.

Of the 101 cephalograms, 43 were from 19 males (mean
age: 73 £2 2 years) and 58 from 22 females (mean age: 7 |
+ 20 1 years). The age range of subjects was from 3 years 3
months to 13 years 3 months. The lateral cephalometric
radiographs were analysed according to the landmarks
shown in Figure 2. The radiographic enlargement was 100
per cent. Linear measurements associated with mandibular
size (Cd—Go, ramus length; Pog’~Go, mandibular body
length; and Gn—Cd, mandibular length) and maxillary
length (A’-Ptm’) and angular measurement associated with
Gn—Cd (Ar—Go—-Mn) were compared between patients who
were either wild type or carried the heterozygous mutation.
All the measurements were made with an electric digitizer
(model KD 4320, Graphtec Ltd, Yokohama, Japan) online
with a computer. The resolution and angular variables were
0.1 mm and 0.2 degrees, respectively.

Statistical analysis

Chi-square analysis was performed to test the difference in
mutantion frequencies between the normal and mandibular
protrusion subjects. Multilevel model analysis has been
previously applied to the analysis of jaw movements
(Strenio et al., 1983; Goldstein and Rasbash, 1996) and was
used in the present study to evaluate the growth curves. The
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